Segregation distortion is the phenomenon whereby the observed genotypic frequencies of a locus fall outside the expected Mendelian segregation ratio, and it is increasingly recognised as a potentially powerful evolutionary force. The main reason for segregation distortion is a difference in the viability of gametes and zygotes caused by viability loci in the segregating progeny. However, the maternal cytoplasm may also be involved in the viability selection of gametes and zygotes. The objectives of this study were to map the segregation distortion loci (SDL) in maize and to test the hypothesis that the viability of gametes and zygotes may also be associated with the maternal cytoplasmic environment. In the present study, a reciprocal mating design was conducted to generate an F2-segregating population. A linkage map was constructed with 126 microsatellite markers. A whole-genome scan was performed to detect the SDL in segregating populations with different maternal cytoplasm environments. Altogether, 14 SDL with strong LOD (logarithm (base 10) of odds) supports were identified in the specifically designed F2 populations. Interestingly, we found dramatic changes in the genotypic frequencies of the SDL in the two maternal cytoplasmic backgrounds, which indicated a change in the viability of gametes and zygotes in different cytoplasmic environments. Furthermore, in the JB cytoplasmic background, most of the detected SDL and complete distortion markers exhibited similar bias patterns favouring the Y53 alleles. These results suggested that selfish cytoplasmic elements may have an important role in shaping the patterns of segregation distortion in F2 populations through selective viability of gametes and zygotes. Heredity Keywords: segregation distortion; cytoplasm; selection; viability; maize INTRODUCTION Segregation distortion, also called transmission ratio distortion, is the phenomenon whereby alleles at a locus deviate from the Mendelian expectation. This phenomenon has been described in many species, including maize (Lu et al., 2002) , rice (Yamagishi et al., 2010) , eggplant (Barchi et al., 2010), alfalfa (Li et al., 2011 ), mouse (Casellas et al., 2010 and drosophila (Orr and Irving, 2005; Phadnis, 2011) . These alleles, also called segregation distorters, might alter the transmission ratio in specific cases and are considered selfish genetic elements that manipulate Mendelian transmission to their own advantage (Hurst and Werren, 2001; Phadnis and Orr, 2009; Werren, 2011) . Evolutionary research suggests that segregation distorters may be involved in promoting population divergence and, ultimately, speciation (Phadnis and Orr, 2009; McDermott and Noor, 2010) . A variety of physiological and genetic factors may explain the observed segregation distortion. For example, meiotic drive, the preferential selection that occurs during meiosis, may cause certain alleles to be overrepresented in the gametes (McDermott and Noor, 2010) . As a result, distorted Mendelian ratios may be observed in offspring that have undergone genotypic segregation. Zygotic selection may also have an important role in the observed segregation distortion. Li et al. (2011) studied diploid alfalfa and concluded that zygotic and not gametic selection is the main cause of segregation distortion. In invertebrates, Sinkins (2011) found a new embryo-killing gene that causes post-segregation distortion. In addition, mapping populations, genetic transmission, non-homologous recombination, gene transfer, transposable elements, reproductive isolation, environmental agents and non-biological factors, such as sample size, marker type and genotyping errors, are all possible causes for the observed segregation distortion (Xu et al., 1997; Wang et al., 2009; Phadnis, 2011) . However, the most promising explanation is viability selection occurring at the markers or loci linked to the markers observed to have distorted inheritance (Vogl and Xu, 2000) . If the gametic or zygotic viability of an allele at a locus selectively diminishes, then that locus and other loci linked to it will deviate from the expected Mendelian segregation ratio. These loci are referred to as segregation distortion loci (SDL). It appears that segregation distortion is rather common. If segregation distortion is indeed caused by viability selection loci, these loci are themselves of interest because they may help elucidate the mechanism of natural selection and evolution. Mapping the SDL provides reliable statistical parameters that will help to define the viability loci for further characterisation at a molecular level.
INTRODUCTION
Segregation distortion, also called transmission ratio distortion, is the phenomenon whereby alleles at a locus deviate from the Mendelian expectation. This phenomenon has been described in many species, including maize (Lu et al., 2002) , rice (Yamagishi et al., 2010) , eggplant (Barchi et al., 2010) , alfalfa (Li et al., 2011) , mouse (Casellas et al., 2010) and drosophila (Orr and Irving, 2005; Phadnis, 2011) . These alleles, also called segregation distorters, might alter the transmission ratio in specific cases and are considered selfish genetic elements that manipulate Mendelian transmission to their own advantage (Hurst and Werren, 2001; Phadnis and Orr, 2009; Werren, 2011) . Evolutionary research suggests that segregation distorters may be involved in promoting population divergence and, ultimately, speciation (Phadnis and Orr, 2009; McDermott and Noor, 2010) . A variety of physiological and genetic factors may explain the observed segregation distortion. For example, meiotic drive, the preferential selection that occurs during meiosis, may cause certain alleles to be overrepresented in the gametes (McDermott and Noor, 2010) . As a result, distorted Mendelian ratios may be observed in offspring that have undergone genotypic segregation. Zygotic selection may also have an important role in the observed segregation distortion. Li et al. (2011) studied diploid alfalfa and concluded that zygotic and not gametic selection is the main cause of segregation distortion. In invertebrates, Sinkins (2011) found a new embryo-killing gene that causes post-segregation distortion. In addition, mapping populations, genetic transmission, non-homologous recombination, gene transfer, transposable elements, reproductive isolation, environmental agents and non-biological factors, such as sample size, marker type and genotyping errors, are all possible causes for the observed segregation distortion (Xu et al., 1997; Wang et al., 2009; Phadnis, 2011) . However, the most promising explanation is viability selection occurring at the markers or loci linked to the markers observed to have distorted inheritance (Vogl and Xu, 2000) . If the gametic or zygotic viability of an allele at a locus selectively diminishes, then that locus and other loci linked to it will deviate from the expected Mendelian segregation ratio. These loci are referred to as segregation distortion loci (SDL). It appears that segregation distortion is rather common. If segregation distortion is indeed caused by viability selection loci, these loci are themselves of interest because they may help elucidate the mechanism of natural selection and evolution. Mapping the SDL provides reliable statistical parameters that will help to define the viability loci for further characterisation at a molecular level.
In genetic mapping, the change of marker allelic frequencies is reflected by the departure from the Mendelian segregation ratio.
The non-Mendelian segregation of markers has been used to map SDL along the genome. w 2 -tests are commonly used to test segregation distortion and to detect the markers linked to SDL at each locus in a set of marker loci. In addition to this single-marker analysis, several methods have been developed for mapping the SDL using whole-genome scanning (Vogl and Xu, 2000; Luo and Xu, 2003; Zhu et al., 2007; Zhan and Xu, 2011) . Based on the genotypic frequencies of observed markers, Luo et al. (2005) proposed a novel liability model for mapping the SDL by assuming that the viability of individuals is controlled by a continuous liability. Mapping the SDL can then be formulated as a problem of general quantitative trait loci (QTL) mapping using only the allelic frequency information of markers along the genome. Recently, the SDL mapping module was integrated into the PROC QTL software, making it user friendly for many disciplines .
Currently, many SDL have been identified in plant and animal studies. However, few studies have investigated the possible maternal cytoplasmic contribution in segregation distortion. The cytoplasm contains a variety of organelles, including mitochondria and chloroplasts, which contain their own DNA. The cytoplasm provides an environment for nuclear gene expression and cellular metabolic reactions. In addition, the close relationship between the nucleus and cytoplasm has attracted much attention from macro-and microevolutionary perspectives. Research on cytonuclear coevolution and coadaptation has suggested that cytonuclear epistasis substantially contributes to genetic expression (Rand et al., 2004; Wolf, 2009; Chou and Leu, 2010) .
Therefore, we hypothesise that the cytoplasm may also be involved in viability selection of gametes and zygotes. To verify this hypothesis, we analysed reciprocal F2 populations in maize. We examined the segregation patterns along the genome. The objectives of the experiment were twofold as follows: (1) to map the SDL that trigger the viability of gametes and zygotes in the maize genome and (2) to find the SDL with varying distortion ratios that are dependent upon the maternal cytoplasmic environments, thereby confirming the inference that the viability of gametes and zygotes is associated with the maternal cytoplasmic environment.
MATERIALS AND METHODS

Maize population and marker assays
The two inbred lines used to develop the F2-segregating populations were JB and Y53, which are the parental lines of the maize hybrid, Suyu 16, which has strong heterosis. To investigate the role of the maternal cytoplasmic environment, we constructed a bulked F2-mapping population with 120 individuals from the JB (female parent) Â Y53 (male parent) direct cross and 120 individuals from the Y53 (female parent) Â JB (male parent) reciprocal cross. The benefit of this mating design is that the segregation ratios of each marker are observed in two different maternal cytoplasmic backgrounds under the same genomic background. The bulked F2 populations were planted in the field at an experimental station located at Yangzhou University during July 2007. Samples of total DNA from the parents and F2 individuals were extracted using the procedures described by Rogers and Bendich (1988) . Primer sequences were obtained from the maize genome database (http:// www.maizegdb.org). Each F2 individual was genotyped by non-denaturing polyacrylamide gel electrophoresis without considering the cytoplasmic source. In total, 126 markers were screened and used to construct the linkage map, which covered 10 chromosomes and 1418.1 cM of the maize genome with an average marker spacing of 12.2 cM. The missing proportion of the genotypes was 6.1%. The distribution of these SSR markers was consistent with publicly available published linkage maps (Lima et al., 2006; Frascaroli et al., 2007; Yang et al., 2008) and the integrated map in the maize genome database (www.maizegdb.org).
Detection of the SDL
To evaluate the association between the maternal cytoplasmic environment and the viability of gametes or zygotes, we performed the analysis on the direct and reciprocal crosses separately. A joint analysis of QTL and SDL employing the Expectation-Maximisation algorithm has been proposed to estimate QTL and SDL parameters simultaneously ). This joint method incorporated in PROC QTL Version 2.0 was used to detect the underlying SDL with a step length of 1 cM along each linkage group ). Details of this method have been described by Xu and Hu (2009) and can also be found in the PROC QTL (Version 2.0) manual (http://statgen.ucr.edu/ download/software). In the output result table, the threshold to identify a significant SDL was set at an LOD of 3.0.
To test the different effect of the two cytoplasmic backgrounds on the level of segregation distortion, w 2 -tests were implemented to compare the genotypic proportion in the two crosses. The selection coefficients and degree of dominance were estimated for each SDL according to the fitness model (Luo et al., 2005) . The comparison of selection coefficients in the two cytoplasmic backgrounds was implemented by the Wilcoxon signed-rank test. In the present study, the effect size of the cytoplasm on segregation distortion was defined as the difference of the average selection coefficient for a given genotype in the two cytoplasmic backgrounds.
RESULTS
The top panels in Figures 1 and 2 show the frequencies of the three genotypes plotted against the maize genome. Theoretically, the genotype ratio should be 1:2:1. However, there were several severe distortions along the genome, such as at the end of chromosome 3, as shown in both figures. The interesting phenomenon was the difference of segregation patterns between the two reciprocal F2 populations (top panels of Figures 1 and 2 ), although the two populations were derived from the same two parental lines. For instance, the ratio of JB homozygotes, heterozygotes and Y53 The LOD profiles for the SDL detection are presented in the bottom panels of Figures 1 and 2 for the JB and Y53 cytoplasms, respectively. There were apparent differences between the two LOD profiles. The peaks with an LOD score 43.0 indicated the existence of an SDL. Table 1 summarises the detected SDL in the F2-segregating populations with either the JB or Y53 cytoplasmic environment. In the direct cross with the JB cytoplasm, the 10 SDL detected were distributed among chromosomes 1, 2, 3, 4, 5, 6, 7 and 8. In the reciprocal cross with the Y53 cytoplasm, the seven detected SDL were distributed among chromosomes 2, 3, 5 and 7. It should be noted that the SDL mapping results were dramatically changed when the F2-segregating population was put in a different maternal cytoplasmic environment. Of the 14 SDL, SDL2.2, SDL3.3 and SDL7 were located in the same chromosome region in both the JB and Y53 cytoplasms. However, these loci had different distortion ratios in the different cytoplasmic backgrounds. In addition, both the number of SDL and LOD value of these SDL suggested that the segregation distortion was more severe in the JB cytoplasm ( Figure 1 ) than in the Y53 cytoplasm ( Figure 2) .
To test the different effect of the JB and Y53 cytoplasms on the level of segregation distortion, we performed a w 2 -test to compare genotypic frequencies in the two cytoplasmic backgrounds. The results suggested that most SDL, excluding SDL3.2 and SDL3.3, had significant different distortion patterns in the two cytoplasmic backgrounds (Table 1) . SDL2.2, SDL3.3 and SDL7 were detected in the same chromosome region in both the JB and Y53 cytoplasms. However, only SDL3.3 had the same distortion pattern in the two cytoplasmic backgrounds (P40.05).
The direction of the distortion in different cytoplasmic backgrounds attracted our attention. We found that the 10 SDL identified in the F2 population with the JB cytoplasm trended in the same direction such that the distorted ratios favoured the Y53 homozygotes (Table 1) . For the SDL detected in the JB cytoplasm, the average frequencies of Y53 homozygotes, heterozygotes and JB homozygotes were 53.59%, 29.93% and 16.48%, respectively. The average frequency of the Y53 allele was approximately 70%, and the average frequency of the JB allele was approximately 30%. However, among the SDL detected in the Y53 cytoplasm, the average frequencies of the Y53 homozygotes, heterozygotes and JB homozygotes were 32.52%, 42.56% and 24.92%, respectively. The average frequencies of the Y53 and JB alleles were approximately 54% and 46%, respectively. Importantly, the direction of the distortion biased to the Y53 allele in the F2 population with the JB cytoplasm, and this trend was mild in the F2 population with the Y53 cytoplasm.
Further Wilcoxon signed-rank tests were performed to compare the selection coefficients (Tables 1 and 2 ) within the cytoplasm and among cytoplasms for the level of segregation distortion based on the fitness model (Luo et al., 2005) . In the JB cytoplasm, the average selection coefficients for the Y53 homozygote (s Y53 ) and JB homozygote (s JB ) were 0.01 and 0.60, respectively. The median for s Y53 and s JB were 0.00 and 0.73, respectively. There was a significant difference between s Y53 and s JB in the JB cytoplasm (P ¼ 0.0007). The average and median s Y53 were 0.15 and 0.00 in the Y53 cytoplasm, respectively. The difference of s Y53 in the JB and Y53 cytoplasmic backgrounds was also significant (P ¼ 0.0313). In addition, the average and median s JB were 0.22 and 0.05 in the Y53 cytoplasm, respectively. The median s JB did not show significant difference with the median s Y53 in the Y53 cytoplasm (P ¼ 0.6698). However, it showed significant difference with the median s JB in the JB cytoplasm (P ¼ 0.0266). In present study, the effect size of the cytoplasm was listed in Table 2 . For s JB , the median effect size of the cytoplasm was 0.53, and the median effect size of the cytoplasm for s Y53 was 0.00. Furthermore, the 10 SDL detected in the F2 population with the JB cytoplasm exhibited three types of segregation patterns (Table 1) . Selection type I showed a strong elimination of gametes and zygotes of the JB alleles, including SDL1, SDL3.2, SDL4, SDL5.3, SDL6 and SDL8. On average, these SDL had a segregation ratio with the JB homozygotes that was o15%. The frequency of the heterozygotes was approximately 25%, and the frequency of the Y53 homozygotes was 460%. The selection coefficients for JB homozygotes ranged from 0.62 to 0.92 with an average of 0.80. The degree of dominance of these SDL ranged from 0.81 to 1.33 with an average of 1.01. Selection type II showed complete elimination of gametes with the JB allele from one parent. This type only included one SDL, SDL3.1, which had a segregation ratio of 1.32:52.10:46.58% for JB homozygotes/heterozygotes/Y53 homozygotes. The ratio of the heterozygotes and Y53 homozygotes was close to the expected 1:1 ratio. Almost all JB homozygotes and half of the heterozygotes were not observed, which suggested a strong elimination of gametes with the JB alleles inherited from one parent. For SDL3.1, the selection coefficient for the JB homozygote reached 0.97 and the degree of dominance was 0.45. Selection type III showed the extreme elimination of heterozygotes, including SDL2.2, SDL3.3 and SDL7. These SDL had severe distortions due to the absolute deficiency of heterozygotes. It should be noted that these SDL also showed a mild selection of JB homozygotes and an excess of Y53 homozygotes. On average, the frequency of JB homozygotes was o25%, and the frequency of Y53 homozygotes was 475%. The selection coefficients for JB homozygotes ranged from 0.65 to 0.76 with an average of 0.70. All of the 10 SDL detected in the JB cytoplasm skewed towards the same direction with an excess of Y53 alleles. The degree of dominance of selection type III ranged from 1.11 to 1.52 with an average of 1.34.
However, the segregation patterns of SDL detected in the Y53 cytoplasm varied from each other. SDL2.1 belonged to selection type I with a strong elimination of the JB alleles in the gametes and zygotes. SDL3.3 was detected in both JB and Y53 cytoplasms, and it showed a similar distortion in the two cytoplasm background, which belonged to selection type III. SDL2.3 presented as a selection type IV with a strong elimination of gametes and zygotes with Y53 alleles. The frequency of Y53 homozygotes in SDL2.3 was o10%, and the ratio of heterozygotes/JB homozygotes was 52.16:38.07%, which was o2:1. The selection coefficient for Y53 homozygotes was 0.74, and the degree of dominance was 0.42. In addition, SDL5.2 and SDL7 detected in the Y53 cytoplasm showed mild elimination of heterozygotes, and the ratio of their genotypic frequencies closed to 1:1:1. The degrees of dominance for SDL5.2 and SDL7 were 2.76 and 2.83, respectively. They were categorised as selection type V. In contrast, SDL2.2 and SDL5.1 detected in the Y53 cytoplasm had a segregation distortion with mild elimination of both JB and Y53 homozygotes. The degrees of dominance for SDL2.2 and SDL5.1 were À0.65 and À1.16, respectively. They were categorised as selection type VI in the present study.
DISCUSSION
Natural selection acts directly on the fitness of individuals in a population. Viability selection will change the gene frequencies at loci that control fitness. Consequently, the frequencies of marker loci linked to the viability loci will also change (Sukhodolets, 1986; Lessard, 1997; Mojica and Kelly, 2010) . In genetic mapping, the change in marker allelic frequencies is reflected by a departure from the expected Mendelian segregation ratio, which is the observed segregation distortion of markers. SDL are the vital genetic factors affecting the viability of gametes and zygotes (Vogl and Xu, 2000; Luo and Xu, 2003) . However, cytoplasm and its organelles, such as mitochondria, have been widely studied for their critical role in cellular metabolism, energy production and cell death (Newmeyer and Ferguson-Miller, 2003) . Furthermore, cytonuclear interaction may have an important role as the evolutionary force driving speciation (Rand et al., 2004; Chou and Leu, 2010) . Based on the above-mentioned studies, we hypothesised that the cytoplasmic environment of maize may be involved in the viability selection of gametes and zygotes. To test this hypothesis, we constructed a segregating population experiment with two maternal cytoplasmic environments using a reciprocal mating design. Because there was little consideration for segregation distortion for the construction of the linkage map (Hackett and Broadfoot, 2003) , a linkage map including 126 markers was constructed before the examination of distortion. We compared the patterns of segregation distortion under different maternal cytoplasmic environments to distinguish between distortion caused by cytoplasm-specific viability selection and general distortion caused by viability loci or SDL. The results demonstrated a dramatic change in the distortion patterns between the two different maternal cytoplasmic environments and suggested a significant association between the segregation distortion and maternal cytoplasmic environment, which directly verified our hypothesis.
To test our hypothesis in other species, we also analysed a similar data set of an F2 rat experiment performed by Solberg et al. (2004) , which is freely available on the internet. These authors used WistarKyoto (WKY) and Fisher 344 (F344) rat strains. Supplementary Figures S1 and S2 present the genotype frequencies and the LOD profile of the F2 populations along the rat genome under the WKY and F344 cytoplasms, respectively. Supplementary Table S1 summarises the detected SDL in the F2 population with WKY and F344 cytoplasmic environments. There were significant differences in the segregation distortion under the two cytoplasmic environments. In addition, Niehuis et al. (2008) also performed a reciprocal cross experiment to obtain male F2 hybrids in Nasonia giraulti and N. vitripennis cytoplasms. However, they found loci with different segregation patterns at three locations and at one location in N. vitripennis and N. giraulti cytoplasms, respectively. These results from maize, rats and Nasonia suggest that the maternal cytoplasmic environment has an important role in the viability selection of gametes and zygotes, resulting in the observed non-Mendelian segregation of genetic markers. Clearly, no single genetic mechanism can account for the patterns of distortion. The present data provided new insight into the role of the cytoplasm in viability selection and shaping the patterns of segregation, which raises further questions about the underlying molecular mechanisms.
In the present study, the interesting phenomenon was the direction of the distortion that selectively biased to the Y53 allele and homozygotes in the JB cytoplasm. Among the SDL detected, the average frequency of Y53 homozygotes was 54%, and the frequency of the Y53 allele reached 70%. However, for SDL detected in the Y53 cytoplasm, the average frequency of Y53 homozygotes was 33%, and the frequency of the Y53 allele was 54%. In addition, statistical tests suggested that the s Y53 was significantly different from s JB in the JB cytoplasm (P ¼ 0.0007) and also from s Y53 in the Y53 cytoplasm (P ¼ 0.0313). The relative fitness of Y53 homozygotes (1 Às Y53 ) was approximately 0.99 on average, indicating that the chance of survival for Y53 homozygotes was 99% on average in the JB cytoplasm, which was significantly greater than that of the JB homozygotes. These results suggested that the direction of the distortion selectively biased to the Y53 allele and homozygote in the JB cytoplasm.
Similarly, in the rat F2 population with the WKY cytoplasm, most distortions were caused by a mild deficiency of WKY homozygote and heterozygotes and an excess of F344 homozygotes (Solberg et al., 2004) . The direction of the distortion was selectively biased to F344 homozygotes in the WKY cytoplasm. In rice, Wang et al. (2009) found that the japonica cytoplasm did not cause any distortion favouring a special parent, but that the indica cytoplasm favoured the maternal parent, which suggested that the indica cytoplasm was incompatible with a japonica nuclear background and that the japonica cytoplasm did not have such trouble with the indica nuclei. These results suggested that one of the cytoplasms in each case favoured the nucleus allele originating in the other inbred line and that the other cytoplasm showed no consistent bias.
We do not understand the reason for the selective bias of the patterns of distortion in the JB cytoplasm. Cytonuclear incompatibility may partially explain the skewed viability selection of gametes and zygotes in different cytoplasmic environments (Fishman and Willis, 2006; Niehuis et al., 2008) . Evolutionary force might also be involved. In the history of evolution, cytoplasmic DNA (such as mitochondrial DNA and chloroplast DNA) and nuclear genes may evolve to form coadapted complexes even within reproductively isolated populations. As a consequence of coadaptation, the fitness of particular nuclear alleles may depend on special cytoplasmic DNA genotypes. Willett and Burton (2001) verified this evolutionary theory by tracking the genotypic ratios of the nuclear gene encoding cytochrome-c in different reciprocal crosses of Tigriopus californicus. These researchers suggested that the cytoplasm may have an important but often undetected role in the viability or fitness selection and in shaping the patterns of evolution and speciation.
It should be mentioned that JB and Y53 are the parental lines of the Suyu 16 maize hybrid, and they display strong heterosis only when the JB cytoplasm was selected by the cross direction (JB Â Y53). Field experiments exhibited significant differences in growth, development, morphology and production between the direct and reciprocal hybrid F1 population. It is difficult to explain the association between the unidirectional bias in genotype frequencies and complex heterosis. Although the genetic basis of heterosis remains unclear, we infer that the cytoplasm may not only be involved in the viability selection of gametes and zygotes but may also interact with the nuclear genes from Y53 and strongly contribute to the heterosis of Suyu 16.
In the present study, we found 16 markers with an extreme segregation ratio (Table 3) . These markers were not included in the linkage mapping because the effect of extreme segregation on the construction of linkage maps was not clear. In addition, the current version of PROC QTL cannot handle markers with extreme segregation ratios. Therefore, these markers were not involved in the above SDL mapping. w 2 -tests were used to analysis the distortion degree of markers. These markers only were observed as single homozygotes for the marker genotype in one cytoplasm while presenting with the expected Mendelian segregation ratio or a mild segregation distortion in another cytoplasm. Similar to the patterns of bias direction exhibited by the SDL detected by the whole-genome scan, eight out of nine markers were extremely skewed towards Y53 homozygotes in the JB cytoplasm. However, in a reciprocal cross direction with the Y53 cytoplasm, these markers did not generate an unidirectional bias. There are many possible causes of such complete transmission ratio distortion in plant hybrids as follows: nonrandom segregation of chromosomes in female meiosis; differential male gamete survival or performance; differential female gamete survival or performance (including interactions with maternal nuclear and cytoplasmic genotypes); and differential seed survival. Fishman and Willis (2005) found a female-specific meiotic drive locus that exhibits extreme segregation distortion in Mimulus hybrids, and they suggested that severe distortion at the drive locus results from biased chromosomal segregation during female meiosis. At a molecular level, Borodin (2001) suggested that chromosomal competition during female meiosis drives a rapid turnover of centromeres associated with histone proteins and potentially accelerates the development of reproductive incompatibilities between species. In addition, cytoplasm-specific epigenetic influence may also be involved in the viability selection of gametes and zygotes. However, the population genetic theory shows that selfish genetic elements can trigger segregation and even act as extreme drivers, which may be an important force in promoting evolutionary change (Hurst and Werren, 2001; Werren, 2011) . Although the present observations based on the reciprocal mating design still do not provide enough evidence for investigating the detailed mechanism of such extremely biased distortion, they do lend support to the hypothesis that the cytoplasm may be involved in viability selection of gametes and zygotes and the generation of different segregation ratios in the two cytoplasmic environments.
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